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Abstract 

Substance P (SP) is a neuromodulator which may participate in the photic regulation of the circadian timing system in mammals. The 
biological effects of SP are mediated by interaction with specific receptors, designated as NK V NK 2 , and NK 3 . The Nl^ subtype 
receptor is expressed in the circadian system. Experiment 1 was designed to test whether an NKj antagonist mimics the effects of dark 
pulses. Hamsters were housed in constant lighting conditions, either constant darkness or constant light (around 250 lx), and they received 
an Lp. injection of cither the specific NK t receptor antagonist, L-760,735 (5 mg/kg), or saline during the mid-subjective day, a time 
when dark pulses cause a phase-advance in circadian rhythm of locomotor activity. After treatment with the NK L antagonist, significant 
phase-advances of wheel-ninning activity rhythm were found in constant light, but not in constant darkness. Experiment 2 was designed 
to test the ability of the NK L antagonist to block the phase-delaying and/or the phase-advancing effects of light in animals kept in 
constant darkness. Phase-advances of locomotor activity rhythm that can normally be induced by light pulses given during the late 
subjective night were markedly reduced by pre-treatment with the NK , antagonist. By contrast, phase-delays that can be induced by lights 
pulses given during the early subjective night were unaffected by the NK, antagonist, These data support the hypothesis that SP within 
the circadian system may, by interacting with NK^ receptors, modulate photic responses of the SCN pacemaker. © 1993 Elsevier Science 
B.V, All rights reserved. 
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1, Introduction 

In mammals, one of the main components of the ciTca- 
dian timing system is the retinohypothalatnic tract (RHT), 
which conveys photic cues from the retina to the suprachi- 
asmatic nucleus (SCN), site of the primary circadian pace- 
maker. Photic information is the most potent synchronizer 
of the SCN pacemaker and the integrity of the RHT is 
critical for the photic synchronization (entrainment) of the 
circadian rhythms regulated by the SCN [15,21], Within 
the RHT, glutamate is considered to be the main neuro- 
transmitter mediating photic inputs to the SCN [8]. An- 
other component of the circadian timing system, the inter- 
geniculate leaflet (IGL), receives direct retinal inputs and, 
in turn, projects to the SCN through the geniculohypotha- 
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lamic tract (GHT) The GHT contains neuropeptide Y 
(NPY), enkephalin, and also y-arninobutyric acid (GABA) 
[21]. The IGL via the GHT may modulate thfc entraining 
effects of light on the SCN [7 ,11]. In addition to light, a 
wide variety Of factors can phase-shift the free-running 
circadian pacemaker in hamsters. According to the pattern 
of the phase-response curves (PRCs), these factors are 
classified in two families of PRCs [36): (l) those PRCs for 
photic stimulation in constant dark [6,38], and (2) those 
PRCs for either dark pulses in constant light [3 : 9] or 
non-photic stimuli in constant lighting conditions (e,g. f 
[32,41]). 

The tachykinin substance P (SP) is a neuromodulator 
that may participate in the regulation of the circadian 
timing system. SP-irnmunoreactive cells and fibers have 
been reported in the SCN of rodenis [12,18,39], SP has 
also been observed in some ganglion cells in the mam- 
malian retina [4] and pre-protachykinin-A mRNA encoding 
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for SP is expressed in the SCN of rats [18]. The biological 
actions of tachykinins, including SP, are mediated through 
Specific cell surface receptors, of which three subtypes 
(NK P NK^, and NK 3 ) have been identified. Expression of 
mRNA for NK t subtype receptor and immunoreactive 
binding sites are found in the retina [5,16] and within the 
laterodorsal region of the SCN [17,391 The RHT may 
contain SP because enucleation can reduce the density of 
SP-immunoreactive fibers in the SCN of rats [18,39], 
although other studies using both rats and hamsters have 
failed to detect this change [12,23,37], Because contacts 
between degenerating retinal fibers (after enucleation) and 
SP-immunoreaciive dendrites were found in the SCN [39], 
SP may influence the photic entrapment at that leveL 
Furthermore, there is a dense plexus of SP-immunoreactive 
fibers in the IGL [19] that is unaffected after enucleation 
[12]. Because mRNA encoding for SP and NK L subtype 
receptor are expressed in the IGL [17], SP innervation of 
the IGL may be involved in the regulation of circadian 
rhythmicity. 

In vivo injections of Spantide, a non-specific SP recep- 
tor antagonist, reduce the light-induced expression of Fos 
in the SCN [1]. Injections of SP in hamsters kept in 
constant dim-red light induce small phase-delays during 
the early subjective night but have no phase-shifting ef- 
fects during late subjective night [25]. SP can stimulate 
SCN cells in vitro and it also potentiates their glutamate- 
induced activation [24,35], probably via NK T receptors 
[35]. Moreover, the phase-shifting effects of SP on the 
firing activity rhythm of SCN neurons in vitro are similar 
to those of light pulses on circadian phase in animals 
housed in constant darkness [34]. Taken together, these 
anatomical and physiological data suggest that SP is in- 
volved in the photic entrainment of the circadian timing 
system. 

The NKi receptors found in the SCN, IGL and retina 
[5,16,17,39] may mediate the effects of SP on the circadian 
system. In this context, we hypothesized that injections of 
an NKj antagonist may (1) mimic the effects of dark 
pulses in animals kept in constant light and (2) prevent the 
phase-shifting effects of light in animals housed in con- 
stant dark. In Experiment 1, hamsters were kept in con- 
stant lighting conditions, either in complete darkness or in 
constant light. If an NK, antagonist can mimic a dark 
pulse, then it should have no effect in animals free-running 
in constant darkness. An injection of NKj antagonist in 
constant light, on the other hand, may phase-shift the 
circadian rhythm of locomotor activity. Experiment 2 was 
designed to test the ability of an NK! antagonist to block 
the phase-delaying and/ or the phase-advancing effects of 
light pulses in animals kept in constant darkness. 

2. Materials and methods 

Male golden hamsters {Me&ocricetus auratus 
Lak:LVG/SYR) (10-14 weeks old) were purchased from 
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Charles Rivers (Newfield, NJ). Animals were maintained 
in a temperature-controlled room with a light-dark (LD) 
cycle consisting of 14 h of light and 10 h of darkness (i.e., 
LD 14:10). During daytime, light intensity was about 300 
Ix at the level of the cages. Food (Harlan Teklad laboratory 
chow, Madison, WN) and water were available ad libitum. 
A fan provided constant fresh air flow as well as masking 
noise. After at least 2 weeks to the exposure to the LD 
cycle, animals were transferred to either constant lighting 
conditions or constant darkness depending on the experi- 
ment. Experimental procedures and animal maintenance 
under constant darkness were performed with the aid of an 
infrared viewer (Find-R-Scope, FJW Optical system, Pala- 
tine, IL). Hamsters were housed individually in cages 
equipped with a running wheel (diameter: 17 cm) that 
activated a microswitch on each revolution. Wheel-running 
activity was recorded using the Chronobiology Kit (Stan- 
ford Software Systems, Stanford, CA). 

Experiment 1 was designed to test the hypothesis that 
injections of an NK X antagonist can mimic the effects of 
dark pulses in animals kept in constant light. Two groups 
of 6 hamsters each were kept in constant darkness and 
constant light (range: 150 to 400 lx), respectively. After a 
minimum of 10 days, half the animals in each group 
received a single i.p. injection of 5.0 mg/kg of the 
selective NK, antagonist, L-760,735 (2-(fl)-(l-(/f>3,5- 
bis(trifluoromethyl)phenyl)ethoxy)- 4 - (5 - (dimethylamino- 
methyO- 1 r 2,3-trioa2ol-4-yl)methyl-3-(5)-phenyl)morpho- 
line} in 0-5 ml of saline. This compound binds selectively 
and with sub-nanomolar affinity to the NK] subtype of 
tachykinin receptors of humans, guinea pigs and gerbils, 
and with slightly lower affinity to rat NE£j receptors 
(receptor data provided by the laboratory of Dr. M. Ca- 
scieri at Merck Research Laboratories). The other half 
received 0.5 ml of vehicle (saline). Injections were per- 
formed at circadian time (CT) 8! (4 h before the time of 
activity onset, designed as CT12), This dose and CT were 
chosen according to data obtained in a preliminary experi- 
ment where this dose of L-760,735, but not the enantiomer 
L-7S 1,773, which lacks NKi antagonist activity, can 
phase-shift the free-running rhythm of animals kept in 
constant light only when injected during the mid-subjec- 
tive day (Naylor and Turek, unpublished data). The experi- 
ment was then repeated after 10 days, using a cross-over 
design in which the animals received the alternate treat- 
ment. The circadian period was assessed by the x 2 P eri " 
odogram (Chronobiology Kit software) over the 10 days 
before and after the treatment. 

Experiment 2 was designed to test the ability of the 
NK t antagonist to block light-induced phase-shifts. Six 
groups of 10 hamsters were housed in constant darkness. 
After at least 10 days, half the hamsters (n = 30) received 
a single i.p. injection of 5.0 mg/kg of the NKj antagonist 
L-760J35 in 0.5 ml of saline, while the other half (n = 30) 
received 0.5 ml of saline. Thirty minutes after the treat- 
ment, animals were exposed to a light pulse at either 



JAN. 25. 2007 1 1:04AM GW GLOBAL R&D IS 



.NO. 1 850 P. 3/8 



34. £ Challei ei al / Brain Research SCO (J99S) 32-39 

Time (Hours) 



0 12 24 




Injection at CT8 

Fig. l . Wheel-running activity over a 24-h period of a hamster kept in constant white light On 2 separate occasions, this animal was treated with saline or 
NKj antagonist L-760,735 (NK, A; 5 mg/kfi i.p.) at CT8, Tims of injection is indicated by ihe asterisk. 



CT14, a time when light induces large phase-delays of the 
circadian rhythm of locomotor activity in hamsters, or 
CT19, a time when light induces large phase-advances 
[6,38]. For light- stimulation, individuals were transferred 
from their own cages to a chamber (diameter 1 1 cm, height 
6 cm) inside a photic stimulation device described previ- 
ously [22]. For a given CT (n^ 30), each group of 10 
animals received one of 3 possible light pulses; 20 lx of 
white light for 10 min, 40 lx of white light for 15 min, or 
60 lx of white light for 15 min. Light intensity was 
determined using a digital photometer (Sper Scientific), 
The characteristics of these white light pulses were chosen 
according to the magnitude of the circadian phase-shifts 
they induced in other studies [29,30]. After the light pulse, 
all hamsters were returned to their home cages. Ten days 
later, the same photic procedure was repeated for all 
hamsters with individuals then receiving the alternate in- 
jection of the NKj antagonist or saline. The dose of 5.0 
mg/kg of L-760,735 was chosen according to data ob- 
tained in a preliminary experiment where 0,5, 1.5, or 5.0 
mg/kg of L-760,735 were injected 30 min prior to a light 
pulse started at CT19- Only the highest dose (i.e., 5.0 
mg/kg) of the NKj antagonist L-760,735 was effective in 
limiting the light-induced phase- advance. Injection of 5,0 
mg/kg of the enantiomer L-781J773, which lacks NK l 
antagonist activity, had no effect on the light-induced 
phase-advance (Challet and Turek, unpublished data). 

Experiment 3 was designed to test whether peripheral 
administration of an NKj antagonist that does not cross the 
blood-brain barrier, such as L-743,310 [40], is effective in 
blocking the light-induced phase-advances of the circadian 



rhythm of locomotor activity. A group of 10 hamsters were 
housed in constant darkness. After at least 10 days, half 
the hamsters (n — 5) received a single i.p. injection of 5.0 
mg/kg of the NK, antagonist, L-743,310 {5-(3,5-bis(tri- 
fluoromethyl)phenyl)-l-(3-indolyl)- 2 -(3 -(4-(l-methyl)qui- 
nuctidinyl)ureido)-3-pentanone} in 0,5 ml of saline, while 
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Fig, 2. Phase-advances of hamsters kept in constant darkness or constant 
white light. On 2 separate occasions, each animal was treated with saline 
or NK] antagonist 1^760,735 (5 mg/kg. i.p-) at CTS. Means ±S.E,M. 
Groups with different letters are significantly different from one another 
(P<Q.Q5). 
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the other half (n = 5) received 0.5 ml of saline 30 min 
before a white light pulse (20 lx of white for 10 min) 
started at CT19. The photic stimulation device was similar 
to that described in Experiment 2, Ten days later, the same 
photic procedure was repeated for all hamsters with indi- 
viduals then receiving the alternate injection of the NK, 
antagonist L-743,310 or saline. 



To determine the phase-shifts of the circadian rhythm of 
locomotor activity, regression curves were eye-fitted to the 
onsets of locomotor activity for the last 8-10 days before 
the treatment and projected to the day of the treatment. 
Similarly, regression lines fitted to the onsets of activity 
during the 8-10 days after the treatment were retropro- 
jecced to ihe day of treatment The magnitude of the 



A 



Time (Hours) 



« 10 

TO 

Q 

0) 

£ 20 



— i 1 — i — i — \ — < — i — i — i — p — i— i— | i 

12 24 

ik. 



" NKi A / LP ' 



Saline /LP 




i ai i 



Light pulse at CT14 




Light pulse at CT19 

Fig. 3. Wheel-running activity over a 24-h period of 2 hamsters kept in constant darkness. On % separate occasions, these animals were treated with saline 
or NK t antagonist L-760,735 (NK, A; 5 mg/kg i.p.) 30 min before a white light pulse CLP; <50 lx for 15 min) started at CT14 (A: upper panel) and ar 
CT10 (B: lower panel). Time of injection is indicated by the asterisk, 
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phase-shift was calculated as the difference between these 
two lines. 

Values are means ± S.E.M. Two-way analysis of vari- 
ance with repeated measures followed by a Student-New- 
man-Keuls test were performed using SigmaStat software 
(Jandel Scientific, San Rafael, CA). Because there was no 
effect of order of treatment (P > 0.05), the corresponding 
data from animals receiving the same injection (NK, 
antagonist or saline), but the reversed ordeT of treatment, 
were combined together for the final analysis. 



3. Results 

In Experiment 1, the main effects of both the light 
intensity (i.e., constant darkness vs, constant light) and the 
treatment (i.e., injection of the NK L antagonist L-760,735 
vs. saline ar CTS) were significant (f(l,lO) = 22.1, P< 
0.001, and F(l r 10) - 5.4, P < 0.05, respectively). In addi- 
tion, the interaction term was significant (F(JUO)- 6.2, 
P < 0-05), indicating that the effect of the NK L antagonist 
depended on which background light intensity was present. 
Injections of the NKj antagonist L-760,735 at CTS led to 
significantly larger phase-advances than those induced by 
saline injections in constant light (33 ±6 vs. 9 ± 4 min, 
respectively), but not in constant darkness (2 ± 5 vs. 3 ± 3 
min, respectively; Figs. 1 and 2). There were no significant 
changes in the circadian period before and after the treat- 
ment (F(l,5) = 0.01, P > 0.1) in animals kept in constant 
darkness and receiving an injection of the NK, antagonist 
or saline. By contrasr, regardless of the treatment (NK, 
antagonist L-760,735 or saline), the circadian period of 
animals kept in constant light was lower before compared 
to after the treatment (24.16 ±0.06 vs. 24.37 ±0.04 h y 
respectively; F(l f 5) = 42.2, P < 0,01), an effect probably 
due to tonic effects of constant light upon the circadian 
clock. 

In Experiment 2, a light pulse applied at CT14 resulted 
in phase-delays of free-running locomotor activity (Figs. 3 
and 4). The phase-delays were larger when the intensity of 
the light pulses increased (^(2,27) = 11.5, / , <0.00l). 
There was no overall effect of the treatment (i.e., injection 
of NK L antagonist vs. saline at CT13.S; P> 0.05), and no 
effect of the treatment X intensity of light pulse interaction 
(f>0.05). This demonstrates that the antagonist 
L-760,735 had no effect On the light-induced phase-delays, 
regardless of the intensity of the light pulses (Fig, 4). 

A light pulse applied at CT19 resulted in phase-ad- 
vances of circadian rhythm of wheel-running activity (Figs. 
3 and 4), The higher intensity of the light pulses induced 
larger phase^advances (F(2 7 27) = 5,9, P < 0.01), The ef- 
fect of treatment (i.e., injection of NK, antagonist L- 
760,735 vs. saline at CT18.5) was highly significant 
(F(l,27) = 38.2, P < 0-0001), indicating that the NK, an- 
tagonist, L-760,735, reduced the magnitude of photic 
phase-advances. The treatment X intensity of light pulse 
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Fig. 4. (A) Phase-delays of hamsters in response to different white light 
pulses at CT14. (B) Phase-advances of hamsters in response to different 
whire light pulses at CT19. The same photic stimulus was given to same 
animals on separate occasions 30 min. after they were treated with saline 
or NKj aniagonisr L-760,735 (5 mg/kg i.p.X Means ± S.E.M. Groups 
with no letters in common arc significantly different form one another 



infraction was not significant (P > 0.05). The NK, antag- 
onist L-760,735 inhibited the light-induced phase- advances 
regardless of the intensity of the light pulses (Fig. 4), 

In Experiment 3, the phase-advance induced by a light 
pulse applied at CT19 was not significantly different in 
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animals receiving either L-743,310 (i.e., the non-brain 
penetrant NKj antagonist) or saline at CT1S.5 (72 ± 6 vs. 
73 ± 7 min, respectively; paired Mest T P > 0.05; data not 
shown). 



4. Discussion 

The findings reported here indicate that (l) an Lp. 
injection of a SP NK X receptor antagonist (i.e., L-76G,735) 
at CT8 can phase-advance the circadian rhythm of locomo- 
tor activity in hamsters housed in constant light; (2) an Lp. 
injection of this NK, antagonist strongly atcenuates the 
lighMnduced phase- advances at CTI9, but has no effect on 
the light-induced phase-delays at CT14. These data support 
the hypothesis that SP innervation within the circadian 
timing system may modulate photic responses of the SCN 
pacemaker. Given that L-760,735 can cross the blood-brain 
barrier [33], it is most likely that these specific effects of 
the NK, antagonist on the circadian rhythmicity are due to 
direct effects in the brain. Indeed, the peripheral adminis- 
tration of the NKj antagonist, L-743,31Q 7 that does not 
cross the blood-brain barrier [40], does not block the 
phase-advancing effects of a light pulse. 

Bouts of hyperactivity during the inactive period (e.g., 
those associated with an injection of Triazolam) are able to 
feedback to the SCN to induce phase-shifts in the circadian 
clock [32,42]. The absence of wheel-running activity fol- 
lowing NK, antagonist injection during the subjective day 
(Fig. 1) rules Out the possibility that the observed phase- 
changes are due to increased locomotor activity. The 
phase-advances induced by injections of the NK, antago- 
nist injected at CTS in hamsters housed in constant light, 
but not in constant darkness, show that the NK L antagonist 
does not act as a classical non-photic stimulus (i,e„ one 
factor that would also phase-shift the circadian pacemaker 
in constant darkness) [32,41]. Instead, these observations 
support the hypothesis that the NKj antagonist mimics the 
effects of a dark pulse. The presence of SP-immunoreac- 
tivc fibers within the RUT [18,39] is equivocal in rodents 
[12,23,37]- A small cluster of SP-immunoreacrive cells, 
however, is located in the central core of the SCN of 
hamsters and rats [12,18,39] and a few neurons expressing 
mRNA for the receptor are distributed at the lat- 
erodorsal margins of the SCN [17]. A possible inhibition of 
these receptors may therefore be involved in the phase- 
shifting effect of the SP antagonist. This hypothesis is 
further supported by the in vitro data showing activation of 
SCN cells by local application of SP [24,35], and inhibi- 
tion by an NK, receptor antagonist [35]. Previous studies 
have shown that the SCN pacemaker in vitro can be 
shifted during the subjective day by application of a cAMP 
analog [26]. In addition, pituitary adenylate cyclase-actiyat- 
ing peptide (PACAPX which is present in the RHT, also 
phase-advances the SCN pacemaker in vitro during the 
middle of the subjective day [10]. This effect is blocked by 



a specific cAMP antagonist [10]. Interestingly, the timing 
of SCN sensitivity to cAMP, PACAP, and an NK X antago- 
nist is similar. Thus, the NK, antagonist may modulate 
this or another cAMP-dependent pathway in the SCN 
during the mid-subjective day- 
It is also possible that the NK A antagonist acts at a site 
upstream of the SCN. Given that NK 1 receptors are ex- 
pressed in the retina [5,16], inhibition of SP activity within 
the retina may gate the photic cues before they reach the 
SCN or prevent them to reach the SCN, therefore mimick- 
ing a dark pulse. Another possibility is that the NK, 
antagonist during the subjective day acts primarily on SP 
innervation of the IGL, which contains immunoreactive 
fibers [19] and NK, binding sites [17], NPY is synthesized 
in thfc IGL and released by the GUT into the SCN, 
Likewise, the PRC to NPY is similar to that of dark pulses 
in chat NPY is capable of phase-advancing the SCN pace- 
maker during the subjective day [13]. However, injections 
of NPY, but not the NK 2 antagonist, can phase-shift the 
SCN clock when applied during the subjective day in 
constant darkness. Nevertheless > lesions of the IGL impair 
the phase-shifting effects of dark pulses in hamsters housed 
in constant light [11]. This finding, therefore, raises the 
possibility that the effects of the NK, antagonist injected 
at CTS in constant light (present study) involve activation 
of the GHT that, in turn, would have phase-shifted the 
SCN pacemaker. 

The NK, antagonist greatly attenuates phase-advances 
caused by light pulses at CT19 in hamsters held in con- 
stant darkness. By contrast, light-induced phase-delays at 
CT14 are unaffected by the NKj antagonist. Both light-in- 
duced phase-delays and advances are associated with re- 
lease of glutamate by RHT terminals and subsequent acti- 
vation of both NMDA and non-NMDA receptors [8], In 
spite of the fact that NK, receptors are found in dorsal and 
lateral aspects of the SCN and not in the ventral SCN 
region to which the RHT projects [17], SP has been 
suggested to modulate glutamate release from RHT termi- 
nals. Several in vitro results are consistent with this idea. 
Application of SP induces phase-shifts in the neuronal 
activity rhythm of SCN slices with a PRC similar to light 
pulses [34], SP can enhance the excitatory responses evoked 
by glutamate of SCN neurons in, vitro, probably vja NK t 
receptors [35]. Moreover, SP may facilitate release of 
glutamate from SCN slices (Shibata, unpublished data; 
cited in Ref. [14]). Thus, in vivo injections of the NK, 
antagonist may have reduced the glutamatergic phase-shift- 
ing effects at CT19, possibly through an inhibition of 
glutamate release from RHT terminals. Besides direct ef- 
fects Of SP at the SCN level, Lp. injection of the NK, 
antagonist may also inhibit the SP pathway in the IGL. 
Application of NPY inhibits glutamate-induced phase-ad- 
vances and delays of firing activity rhythm of SCN Slices 
[2l Because microinjections of NPY into the SCN can 
block light-induced phase-advances [43], we speculate that 
our NK r antagonist treatment at CTISJ may have acti- 
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vated the NPY release from the GHT, leading to a de- 
creased glutamatergic neurotransmission. On the other 
hand, NK { receptors are also found in the mammalian 
retina [5,16]. Blockade of these receptors might prevent 
their activation by photic stimulation, leading to a reduc- 
tion of the light-induced phase-shifting effects. However, 
the reason why this would have occurred during the late 
night, but not during the early night, is unclear. At the 
present time, it is not known whether the NK^ antagonist 
injected i.p. acts at the level of the SCN, IGL and/or 
retina. 

Photic phase-delays and advances are considered to be 
processed within the SCN, through functionally separate 
neurochemical mechanisms. Phase-advances during the 
subjective night may be dependent on a cGMP signalling 
pathway [27] leading to activaiion of cGMP-dependent 
protein kinase, while phase-delays during the subjective 
night seem to be cGMP-independent processes [44]. Sero- 
tonergic projections from the midbrain raphe nuclei can 
modulate the photic responses to light in the SCN: seroton- 
ergic agonists reduce [30] and antagonists potentiate [31] 
the magnitude of photic phase-shifts. Because both light- 
induced phase-delays and phase-advances are affected by 
serotonergic activity, serotonin might not interfere with the 
NK L antagonist that reduces only the photic phase-ad- 
vances. Diazepam, a benzodiazepine that can potentiate 
GABA activity, blocks light-induced phase-advances, but 
not delays [28], as do NPY [43] and the NK l antagonist 
used in this study. GABA may have a key modulatory role 
in the circadian system [20]. Thus, interactions between 
GABA, NPY, and SP neurotransmission may be associated 
with cGMP-dependent mechanisms underlying photic 
phase-advances of the SCN pacemaker. Furthermore, in 
response to light pulses at CT13, c-Fos is expressed mainly 
in the ventrocaudal region of the SCN. Expression of c-Fos 
after light pulses at CT18 is more widespread within the 
SCN, including the rostral and dorsal regions [29], where 
SP receptors are also observed. Activation of those SCN 
cells may be critical for photic phase- advances. In accor- 
dance with our data, pretreatment with Spantide, a non- 
specific SP antagonist, reduces Fos expression in the ros- 
tral, central and dorsocaudal parts of the SCN after a light 
pulse at CT16 [l]. In addition to this effect, in the early 
phase-advance region of the PRC to light in hamsters, it 
would be interesting to know whether NK t antagonists 
have an effect on light-induced Fos expression during the 
phase-delay region. 

By means of i.p. injections of a selective NKj receptor 
antagonist, our results indicate a role of SP as a neuromod- 
ulator of the effects of light on the circadian system. An 
NK L antagonist injected during the subjective day can 
phase-advance the circadian pacemaker of hamsters housed 
in constant light, therefore mimicking the effects of a dark 
pulse Also,, treatment with an NKj antagonist reduces 
specifically the light-induced phase-advances in animals 
kept in constant dark- Further studies are needed to iden- 



tify precisely the role of the SP innervation of the SCN, 
IGL, and retina in the photic regulation of circadian rhyth- 
micity. 



Acknowledgements 

We wish to thank Dr. DJ. Bernard for critical com- 
ments ou the manuscript. We also thank S. Olson for 
helpful assistance as well as Y.-R. Ge for technical help. 
Research was supported by Merck, Rahway, NJ. E.C. is 
Supported by a Post-Doctoral Fellowship from the Fyssen 
Foundation. 



References 

[l] H- Abe, 5. Honmsi, K. Shinphara, K. Honma, Substance P receptor 
regulars the photic induction of Fos-like protein in the suprachias- 
matic nucleus of Syrian hamsters, Brain Res. 70S (1996) 135-142. 

[2] SM Bicllo, D-A. Golombek, M.E. Harrington, Neuropeptide Y and 
gliuamaie block each other's phase shifts in the suprachiasmatic 
nucleus in vitro, Ncuroscicncc 77 (1997) 1049-1057. 

[3] Z. Boulos, B. Rusak, Circadian phase response curves for dark 
pulses in the hamster, J. Comp. Physiol. A \A6 (1962) 4H-417. 

[4] N. Brecha, D. Johnson, J. Bolz, S. Sharma, J.G. Parnavelas, A.R. 
Liebeitnann, Substance P-like immunoreacuve retinal ganglion cells 
and their central axon terminals in the rabbit, Nature 327 (1987) 
155-15S. 

[5] G- Casini, D.W. Rickman, C- Sternini, N.C Brecha, Neurokinin 1 
receptor expression in the rat retina, J. Comp. Neurol. 389 (1997) 
49G-507. 

[6] S. Daan, C.S. Pittendrigh, A functional analysis of circadian pace- 
makers in nocturnal rodents: ll The variability of phase response 
curves, J. Comp. Physiol. 106 (197© 253-266. 

[7] J. Dark, D. Asdourian, Entrainment, of the rat's activity rhythm by 

cyclic light following lateral geniculate nucleus leaionfi, Physiol. 
Behav. 15 (1975) 295-301. 
[6] F.J. P. Ebtfng, The role of glutamate in the photic regulation of the 

suprachiasmatie nucleus, Prog, Neurobiol. 50 (1996) 109-132. 
[9] G-B. Ellis, R,E, McKlveen, RW. Turek, Dark pulses affect the 
circadian rhythm of activity in hamsters kept in constant light, Am. 
J. Physiol. 242 (19S2) R44-R5G- 

[10] J. Hannibal, J.M. Ding T D. Chen, I Fahienkrug, P.J. Larsen, M.U. 
Gillette, J,D- Mikkelscn, Pituitary adenylate cyclase-activating pep- 
tide (PaCaP) in the rerinohypochalamic tract; a potential daydme 
regulator of the biological clock, J, Neurosci. 17 (1997) 2637-2044. 

[11] M.E. Harrington, B. Rusak, Lesions of the intergeniculate leaflet 
alter hamster circadian rhythms, J. Biol, Rhythms 1 (1986) 309-325. 

[12] M. Hartwich, A. Kalsbeek, P. Pgvet, F- Number^, Effects of illumi- 
nation and enucleation on subsiance-P-irnmunoreacrive structures in 
subcortical visual centers of golden hamster and wiseax rat, Cell 
Tissue Res. 277 (1994) 351-3S1. 

[13] K.L. Huhmiin, H.E. Albers, Neuropeptide Y microinjected into the 
suprachiasmatie region phase shifts, circadian rhyihms in constant 
darkness Peptides 15 (1994) 1475-J47S. 

[14] S-I-T- Inouye, S. Shibata, Neurochemical organizadon of circadian 
rhythm in the suprachiasmatie nucleus, Neurosci. Res. 20 (1994) 
109-130. 

[15] D.C, Klein, R.Y, Moore, S.M. Reppert, Suprachiasmatic Nucleus; 

The Mind's Clock, Oxford Univ. Press, New York, 199 J. 
[16] A. Kondoh, T. Houtani, T. Ueyama, K. Baba, M. Ikeda, K, Yamag- 

ishi, H. Miki, M. Uyama, S. Nafcanishi, T. Sugimoto, In situ 



JAN. 25. 2007 1 1:06AM GW GLOBAL R&D IS 



NO, 1 850 P. 8/8 



£. Chaltei at al / Brain Research GOO (1999) 32-39 39 



hybridization analysis of substance P receptor in the retina, Exp. 

Brain Res, 112 (1996)181-186- 
[17] G. Mick p R. Shigemoio, K. Kitahama, Localization of substance P 

receptors in central neural structures controlling daily rhythms in 

nocturnal rodents, C.R. Acad. Sci. Ill 318 (1995) 200-217. 
[18] J.D. Mikkelsen, P.J. Larsen, Substance P in the suprachiasmatic 

nucleus of the rat: an immunohistpchemical and in situ hybridization 

study, Histochemisny 100 (1993) 3-16, 
[19] R-Y. Moore, J.J 3 . Card, mtcrgeniculate leaflet: an anatomically and 

functionally distinct subdivision of the lateral geniculate complex, J- 

Comp. Neurol. 344 (1994) 403-430. 
120] R-Y, Moore, JC, Spell, GABA is the principal neurotransmitter of 

the circadian system, Neurosci. Lett. 150 (1993) 112-116. 
[21] L.P, Morin, The circadian visual system, Brain Res, Rev, 67 (1994) 

102-127. 

(22] D.E. Nelson, J.S. Takahashi, Sensitivity and integration in a visual 
pathway for circadian cntrainmcnt in the hamster [Mesocricetux 
auratux), J. Physiol. London 439 (1991) 115-145. 

[23] Y. Otori, K. Tominaga, C. Fukuhara, J. Yang, 5, Yamazaki, RR.A, 
Cagampang, H. Qkamura, g_|_x. Inpuye, Substance P-Jike immuno- 
reactivity in the suprachiasmatic nucleus of the rat, Brain Res. 619 

(1993) 271-277. 

[24] H.D. Piggins. D.J. Cutler, B, Rusak. Ionophoretically applied sub- 
stance P activates hamster suprachiasmatic nucleus neurons, Brain 
Res. Bull. 37 (1995) 475^479. 

[25] H.D. PigginS, B, Rusak, Effects of nucroinjectionS of substance P 
into the suprachiasmatic nucleus region on hamster wheel-running 
rhythms, Brain Res. Bull. 42 (1997) 451-455- 

[26] R.A. Prosser, MIL Gillette, The mammalian circadian clock in the 
suprachiasmatic nuclei is reset in vitro by cAMP, J, Neurosci, 9 
(1989) 1073-1OSL 

[27] R,A- Prosser, AJ. McArthur, M.U. Gillette, cGMP induces phase 
shifts of a mammalian circadian pacemaker at night in antiphase to 
cAMP effects, Proc. Nad. Acad. Sci. U.S.A. 86 (1989) 6812-6815. 

[26} M.R. Ralph, M Mcnaker, Effects of diazepam on circadian phase 
advances and delays, Brain Res. 372 (1986) 405-408. 

[29] M.A. Rea T Different populations of cells in the suprachiasmatic 
nuclei express C'fos in association with light-induced phase-delays 
and advances of the free-running activity rhythm in hamsters, Brain 
Res. 579 (1992) 107-112- 

[30] M.A. Rea F LD. Glass, C.S. Cohvell, Serotonin modulates photic 
responses in the hamster suprachiasmatic nuclei. J. Neurosci. 14 

(1994) 3635-3642. 

[31] M.A. Rea, J. Bairera, J.D. Glass, R.L. Gannon, Serotonergic poten- 
tiation of photic phase shifts of the circadian activity rhythm, 
Neuroreport 6 (1995) 1417-1420. 



[32] S,G. Reebs, N. Mrosovsky, Effects of induced wheel running on the 
circadian activity rhythms of Syrian hamsters: entrainment and 
phase response curve, J. Biol. Rhythms 4 (1969) 39-4S. 

[33] N.M.J, Rupniak, E J. Carlson, D. Smith, L. Hewson, A.R. Williams, 
T. Harrison, C.J. Swain, R,G. Hill, F.K Heft. M.A. Cascicri, GB. 
Chicchi, S. Sadowski, JJ. Hale, S-G. Mills, M. MacLc-ss, M.S. 
Kramer, S-A. Reines, R.J. Hargreaves, Novel mechanism for antide- 
pressant activity by blockade of central tachykinin NK, receptors, 
Science, 1998, submitted. 

[34] S- Shlbata, A- Tsuncyoshi, T- Hamada, K. Tominaga, S. Watanabe, 
Effect of substance P on circadian rhythms of firing activity and the 
2-dcoxyglucose uptake in the rat suprachiasmatic nucleus in vitro, 
Brain Res. 597 (1992) 257-263, , 

[35] T, Snirakawa, R.Y. Moore> Responses of rat suprachiasmatic nu- 
cleus neurons to substance P and glutamace in vitro, Brain Res. 642 
(1994) 213-220. 

[36] R,D. Smith, F-W. Turck, J.S. Takahashi, Two families of phase-re- 
sponse curves characterize, the resetting of die hamster circadian 
clock, Am, J, Physiol. 262 (1992) R1149-R1153. 

[37] J.M- Swarm, N- Maccnione, Photoperiodic regulation of substance P 
immunoreactivy in the mating behavior pathway of the male golden 
hamster, Brain Res- $90 (1992) 29-3*. 

[38] J.S. Takahashi, P.J. DeCoursey, L. Bauman. M. Menaker, Spectral 
sensitivity of a novel photpreceptive system mediating entrainment 
of mammalian circadian rhythms, Nature 308 (1934) 186-188. 

[39] K. Takatsuji, E Scuba, P.W. Mantyh, M. Tohyama, A relationship 
berween substance P receptor and retinal fibers in the rat suprachias- 
matic nucleus, Brain Res, 698 (1995) 53-61, 

[40] F.D. Tattersali, W. Rycroft, B. Francis, D. Pearee, K. Merchant, 
A.M. MacLeod, T. Ladduwahetty. L. Keown, C. Swain, R. Baker, 
M. Cascicri, E. Bcr, I Merger, D.E. Msdntyre, R.G. Hill, R.J. 
Hargreaves, Tachykinin NKj receptor antagonists act centrally 10 
inhibit emesis induced by the chemotherapeutic agent cisplatm in 
ferrets, Neuropharmacology 35 (1996) 1121-1129. 

[41] F.W. Turek, S. Losee-Olson, A benzodiazepine used in treatment of 
insomnia phase-shifts the mammalian circadian clock, Nature 321 
(1986) 167-168. 

[42] O. Van Reeth, F.w. Turek, Stimulated activity mediates phase shifts 
in the hamster circadian clock induced by dark pulses or benzodi- 
azepines, Nature 339 (1969) 49-51. 

[43] B.T. Weber, M.A. Rea, Neuropeptide Y blocks lighwnduced phase 
advances but not delays of the circadian rhythm in hamsters, Neu- 
rosci. Lett. 231 (1997) 159-162. 

[44] E.T. Weber, R.L. Gannon. M.A, Rea, cGMP-dependent protein 
kinase inhibitor blocks light-induced phase advances of circadian 
rhythms in vivo, Neurosci. Lett. 197 (1995) 227-230. 



